Abstract − Nutrient acquisition by plants occurs in an environment characterized by complex interactions between roots, micro-organisms and animals, termed the rhizosphere. Competition for mineral elements in this sphere is high. The rhizosphere processes are driven by photosynthetically fixed carbon released by roots either directly to mycorrhizal fungal symbionts or as exudates fuelling a wider spectrum of organisms, mainly bacteria. In particular, the role of the soil fauna interacting with rhizosphere micro-organisms and plant roots has so far found little attention. We present evidence that the interaction between plant roots, root exudates and micro-organisms can only be understood in relation to soil faunal activity, indicating that the soil fauna has an important function in regulating rhizosphere microbial processes and therefore significantly affects plant growth. © 2000 Éditions scientifiques et médicales Elsevier SAS rhizosphere / microbial activity / soil biota / food web interactions / plant growth
INTRODUCTION

Microbial activity in the rhizosphere
Microbial activity in soil is generally thought to be limited by the availability of carbon [3] , except in the rhizosphere where there is a constant supply of readily available carbon sources to the heterotrophic microflora [21, 22] . Due to the excess C supply, microbial activity and biomass in the rhizosphere of plants differ considerably from non-rhizosphere soil.
In a laboratory experiment, Alphei et al. [2] separated the rhizosphere soil of wood-barley (Hordelymus europaeus L.) from the neighbouring soil with a 45-µm gauze and found that the microbial biomass in the rhizosphere was almost doubled compared to the two adjacent 3 mm wide compartments without roots (table I). Microbial respiration was also higher in soil near roots than in soil away from roots (rhizosphere soil > intermediate soil > bulk soil). Similarly, in studies on the rhizosphere continuum of crop plants, the microbial biomass C was highest at the rhizoplane and declined outward [22] (figure 1).
Given a selective stimulation of micro-organisms in the rhizosphere, what is the role of these rhizospheric populations in nutrient cycling and plant growth? How may plants benefit from releasing C resources into the rhizosphere? By exudating large amounts of carbon to the soil, plants apparently waste photosynthate which might have been used for growth.
were rapidly immobilized by rhizosphere bacteria (Pseudomonas sp.) with only small amounts returned to the soil after carbon supply ceased. However, mineralization in terrestrial systems is not only due to the activity of micro-organisms. The constant supply of carbon compounds from plant roots fuels complex interactions among rhizosphere organisms including those between micro-organisms and plants, among micro-organisms, between animals and microorganisms, between animals and plants, and among animals. As shown recently, even above-ground herbivory may significantly affect rhizosphere food-web processes by increasing the allocation of carbon from grazed plants to the rhizosphere [8, 62] . The outcome of these interactions may be either positive (e.g. mutualistic, associative) or negative (e.g. predatory, competitive) [9] . Negative effects of rhizosphere animals (e.g. rhizophagous species, especially plant parasitic nematodes) have been the subject of much research [48, 104, 115, 133] . We will focus here on those interactions that determine whether the microbial activity in the rhizosphere increases or decreases the availability of mineral nutrients for higher plants. However, it should be noted that root-feeding by nematodes may increase allocation of carbon belowground and increase significantly the leaking of C from roots. Therefore, root-feeding nematodes may also stimulate rhizosphere microbial processes [8, 66, 67, 116] .
Protozoa and microbial feeding nematodes are known to be the most important grazers of the microflora in terrestrial ecosystems [7, 27, 36, 64, 68] . In the presence of microfauna, soil respiration and specific respiration (i.e. the ratio of total microbial biomass to basal respiration of the active biomass) has been found to be increased [2, 10, 79] . Protozoa are considered to be effective bacterial predators because of their high turnover rates and high numbers in rhizosphere soil [34, 42, 135] . Thus, concomitant with an increase in microbial turnover in the presence of microfauna [2, 31, 32] grazing on microflora may result in a decrease in bacterial numbers. This was demonstrated for the rhizosphere of H. europaeus where the respiratory inhibition by streptomycin was reduced by 20 % in presence of protozoa, indicating a selective grazing of protozoa on soil bacteria [2] . Significant effects on nutrient cycling demonstrated the relevance of protozoan grazing in this experiment. The amount of nitrate in leaching water from microcosms increased more than ten-fold in treatments with protozoa, and further increased by a factor of 1.2 when earthworms were present [2] .
Generally, as shown by controlled studies of microflora-microfauna interactions, the addition of protozoa leads to an increased mineralization in soil [2, 31, 51, 126, 132] , whereas the effects of bacterial Table I . Comparison of rhizosphere soil and two subsequent neighbouring 3 mm wide non-rhizosphere soil compartments without roots in respect to microbial biomass, basal respiration, average number of protozoa, amoebae, flagellates and ciliates and average number of nematodes in a laboratory experiment investigating the effects of protozoa, bacterial feeding nematodes and earthworms on plant growth of wood-barley (Hordelymus europeus L. [2] Figure 1 . Microbial biomass C (mg C·g -1 soil dry wt) measured by using substrate-induced respiration method [19, 20] in rhizosphere continuums of three experiments. Experiment 1: membrane column with wheat; experiment 2: membrane cell with wheat; experiment 3: field-grown corn. Detailed descriptions of the materials and methods are given by Cheng et al. [22] .
feeding nematodes appear to depend on the status of the populations with nutrients released only if nematode populations decline [4, 11, 132] or in presence of nematode predators [14] .
MICROFLORA-FAUNA INTERACTIONS AND EFFECTS ON PLANT GROWTH
Plant growth depends on light, moisture and available nutrients. The nutrient availability in the rhizosphere may directly be influenced by plant roots. The mechanisms include changes in rhizosphere pH induced by root metabolism, and it is assumed that organic acids and non-protein amino acids in root exudates directly contribute to plant element uptake by chelating trace elements such as Fe, Mn and Zn [84] . However, due to the simultaneous release of energy sources by roots, nutrients in the rhizosphere are taken up rapidly by soil bacteria. Thus, grazing of the microflora by microbivores seems to be a crucial mechanism to maintain the balance in the competition between micro-organisms and plants.
The presence of protozoa has been shown to increase plant growth significantly [135] . When nitrate and glucose was added to pots containing a sandy soil with ryegrass, 75 % of the nitrate was lost by leaching when no glucose was added, whereas with glucose addition only 20 % nitrate was lost, probably due to nitrate assimilation by micro-organisms [105] . As a result of protozoan grazing on the micro-organisms, the ryegrass plants were able to assimilate 44 % of this immobilized N. Thus, plant roots were effective in competing for N released due to protozoan grazing [105] . In presence of protozoa, the amount of shoot N was found to be increased by 18- figure 2 ) and the amount of N in plants was even found to be reduced in presence of protozoa [77] . Thus, increased nutrient uptake by plants may not have been the cause, but the consequence of increased plant growth. Effects of bacterial feeding nematodes have been found to be similar to those of protozoa, but less pronounced [2] . This is probably due to the comparatively smaller reproductive rate of nematodes and the ability of protozoa to feed on bacteria in soil pores inaccessible to nematodes [53] .
Despite the crucial importance of interactions between roots (root exudates), micro-organisms and their predators for plant growth, knowledge of these interactions is still fragmentary and the mechanisms are poorly understood [135] . Five topics might be distinguished: bacteria-microfauna interactions, changes in the microbial community structure, hormonal effects, fungi-fauna interactions and fauna-fauna interactions.
Bacteria-microfauna interactions
Considering that most studies reported that nitrogen mineralization and subsequently the N transfer to plants increased in the presence of microbial grazers, increased plant growth in the presence of microbivores has been generally explained by direct nutrient effects due to microfaunal grazing on rhizosphere bacteria i.e. the 'microbial loop' ( [27] , figure 3 ).
Protozoa and their bacterial prey presumably differ little in respect to their C:N:P ratios, but protozoa use only 10-40 % of the prey carbon for biomass production, the excess N and P is assumed to be excreted in inorganic form and may therefore be readily available for other soil organisms including plant roots [53, 135] . In addition, protozoan populations in soil fluctuate through time [23, 70] and parallel to the decline in protozoan numbers large amounts of rapidly decomposable protozoan tissue may enter the detrital foodweb. According to Foissner [47] , more than two-thirds of soil animal respiration can be attributed to protozoa. The accompanied high production rates of protozoa suggest significant effects on nutrient mineralization due to grazing on bacteria.
Bacteria mineralize N from soil organic matter and calculations by Clarholm [25, 26] gave evidence that protozoan grazing results in the release of this additional N. Using [ 15 N]-labelled bacteria, Kuikman et al. [78] and Kuikman and Van Veen [76] confirmed that grazing by protozoa increases the availability of nitrogen to plants originating from bacterial cells but also from soil organic matter. Clarholm [26] argued, that when no N is lost by exudation, the readily available carbon compounds in root exudates stimulate growth of dormant microbial populations along the root tip, resulting in mineralization of nitrogen from the soil organic matter and subsequent incorporation of N into microbial biomass. She assumed that the uptake of nitrogen from soil organic matter by rhizosphere bacteria and the subsequent release of these nutrients from bacteria due to grazing by protozoa and nematodes is of significant importance for plant growth. However, there is evidence that the microbial loop is insufficient for explaining the protozoan-mediated stimulation of plant growth. By including the amount of nitrogen lost through exudation and modelling N transformations in the rhizosphere, Robinson et al. [106] and Griffiths and Robinson [55] concluded that rhizosphere bacteria do not use plant-derived carbon to mineralize soil organic nitrogen to any great extent.
Grazing-mediated changes in the microbial community structure
The stimulation of plant growth in the presence of protozoa may be due to indirect effects since protozoan grazing on the rhizosphere microflora results in significant changes in the composition of the microbial community [130] and associated soil biological processes [103, 125] . Protozoa and nematodes are known to feed selectively on certain species of bacteria [17, 53, 118, 123] and it has been demonstrated for flagellates, amoebae and ciliates, that they specifically stimulate nitrifying bacteria [2, 52, 124] indicating that protozoan grazing facilitates the establishment of certain bacterial species. Additionally, Griffiths and Bardgett [54] using the BIOLOGt system detected profound changes in the metabolic diversity of microorganisms decomposing plant residues in a liquid culture system, when the cultures were inoculated with the cilitate Tetrahymena pyriformis. This finding was recently confirmed in a soil system [56] by studying the effects of bacterial feeding nematodes, protozoa or a combination of nematodes and protozoa on the structure of the rhizosphere microbial community. The extraction of bacterial DNA revealed that protozoa changed the composition of the bacterial population in the rhizosphere, and phospholipid fatty acids showed that Gram + bacteria were increased while Gram bacteria were decreased in treatments with protozoa. These changes were linked with distinct shifts in the metabolic diversity of the microbes assessed by BIOLOGt. Thus, there is increasing evidence that microbial grazers, particularly protozoa, are able to alter the composition and the functioning of the rhizosphere microbial community ( figure 3 ). Roots support a community of bacteria in which some populations are able to produce trace amounts of growth regulators which can markedly affect plant growth either positively or negatively [12, 13, 86] . Hence, grazing by protozoa may alter the composition of the rhizosphere microflora from unfavourable micro-organisms towards a plant growth-promoting rhizosphere community [15] .
Hormonal effects
Early studies by Nikolyuk and Tapilskaja [92, 93] have shown that soil amoebae grown axenically with the bacterium Azotobacter are able to release phytohormones into the growth medium. Production of indolyl-3-acetic acid related substances was at a maximum in 75-d-old amoebal cultures and the biomass of pea seedlings grown in culture fluid from amoebae increased by 48 % [117] . In contrast, culture fluid of Azotobacter increased biomass of pea seedlings only by 3-4 %. Thus protozoa may directly stimulate plant growth by hormonal effects ( figure 3) .
Jentschke et al. [71] presented further evidence for non-nutritional effects of protozoa on plant growth. By diminishing nutrient effects in a sand culture system by continuously supplying nutrients in surplus, they found an increased biomass of spruce seedlings by 50-60 % in the presence of protozoa. If plant growth is limited by the availability of nutrients, an increased nutrient mobilization in presence of protozoa should translate to increased plant tissue concentrations of the limiting element which most often is nitrogen. Conversely, Jentschke et al. [71] found plant tissue concentrations of N in treatments with protozoa to be lower than in treatments with bacteria and fungi only. In addition, in the presence of protozoa spruce seedlings had a more branched root system with more and finer roots. Thus, the increased total N uptake per plant in the presence of protozoa may not have been the cause but the result of improved plant and root growth.
Of course, experimental evidence linking protozoan-mediated hormonal effects to plant growth is still very limited. We have neither information on the ability of different protozoan groups in releasing plant growth regulating substances, nor on the specific nature of the substances produced and the mechanisms involved. Protozoa may directly release hormonal active substances as waste-or by-products from bacterial remains during predation. However, since many soil bacteria release plant hormones as a result of gaining metabolic energy from the transformation of hormonal precursors (e.g. tryptophan, [109] ), it is also possible that hormonal precursors are released by protozoa and are transformed into hormonal active substances by micro-organisms.
It seems that the view of scientists in the past was too much focused solely on nutrient effects by microfaunal grazing. Nutrient effects appear to be insufficient to explain the multitude of protozoan-mediated changes in plant performance. Also, parameters like microbial and plant biomass are insufficient to reflect the specific changes in the microbial community structure as well as in plant performance. Future experiments should focus more specifically on changes in the soil microbial community structure and plant morphology in order to disentangle the complex bacterial-faunal interactions in the rhizosphere.
Fungi-fauna interactions in the rhizosphere
Most terrestrial plants live in symbiosis with mycorrhizal fungi, spending a significant part of their carbon resources for trading with fungi for nutrients, especially phosphorus [1, 37] . The biomass of ectomycorrhiza in a coniferous forest has been estimated to be about 6 % of that of trees [46] and the biomass of vesicular-arbuscular-mycorrhizal fungi was estimated to be 5-20 % of that of roots [113] indicating that the mycorrhizal associations with plants account for a substantial part of the carbon allocated below-ground. Although mycorrhizal fungi play a key role in rhizosphere processes [57, 114] , and despite the fact that soil fauna contains many fungivorous species, surprisingly little is known on faunal-mycorrhizal interactions [29, 44, 45, 100] .
Mesofauna-fungi interactions
Collembola and oribatid mites are known to feed selectively on certain soil fungi [74, 87] and it is therefore likely that the fungal community in the field is subject to a selective feeding pressure by soil microarthropods. This may either reduce fungal biomass or stimulate growth of the less preferred species due to a reduced competition between fungal species [45] . Although microarthropods are known to selectively feed on certain ectomycorrhizal fungi [61, 119] , mycorrhizal fungi are generally considered not to be the preferred food source of Collembola and oribatid mites [74] . However, fungal feeding microarthropods also detrimentally affect the hyphal network by severing hyphal branches at their bases even when offered a greater range of fungi as food sources [75] . The infection rate by arbuscular mycorrhiza and therefore plant growth was found to decrease with increasing collembolan density in pot experiments [44, 58, 81, 85, 88, 129] . Microarthropod densities in laboratory experiments are often unnaturally high and moderate arthropod grazing which may be closer to what occurs in the field, has been shown to stimulate mycorrhizal growth [40, 44, 85, 90] . Therefore, it is difficult to relate laboratory findings to the field situation. The application of biocides in a field experiment resulted in higher shoot yield and P concentrations in plants [44, 88] , and gave evidence that the reduction in microarthropod numbers improved mycorrhizal function. Conversely, addition of Collembola in a field experiment was associated with a 40 % higher mycorrhizal infection and a 5 % increase in leaf tissue N concentrations of soybean [85] . Thus, field and laboratory experiments gave evidence that fungivorous microarthropods may influence plant growth via grazing on mycorrhizae, but the relevance of microfauna grazing is still under debate. McLean et al. [89] suggested that the impact of microarthropods on the fungal community is low. Fitter and Sanders [45] found evidence that interactions between microarthropods and fungi may only be important at certain life stages of a plant (e.g. flowering) when the P demand is high. Enchytraeids which are also assumed to feed on soil fungi may reach high numbers in soils [35, 39] . However, we are not aware of any data on food preferences of enchytraeids for certain fungal species or on the impact of enchytraeids on mycorrhizae or plant growth.
Microfauna-fungi interactions
Most studies on microfauna-mycorrhizae interactions deal with plant parasitic nematodes which may affect the yield of crop plants and are therefore of economic interest [34, 73] . The nematodes interacting with mycorrhizae include both, fungal (i.e. hyphal) feeders and obligate plant root parasites. Fungal feeding nematodes may reduce the number of hyphae of mycorrhizal fungi extending from the root surface and this has been demonstrated to reduce plant yield [65] . Giannakis and Sanders [49] reported that Aphelenchoides composticola reduced plant yield and phosphorus content of shoots of the VAM mycorrhizal Trifolium pratense presumably by feeding on mycorrhizal hyphae thereby reducing the beneficial effect of mycorrhizae on plant growth. On the other hand, infection with VAM mycorrhizae was found to increase the plant tolerance to nematode endoparasites [120] . Thus, beneficial effects of mycorrhizal fungi on plant growth may compensate for the damage caused by the activity of plant parasitic nematodes [16, 83, 131] . The mechanisms may be either linked to increased phosphorus and micronutrient uptake [134] or to structural and physiological changes in plant roots following mycorrhizal infection [112] as illustrated by inhibited reproduction of Meloidogyne javanica and Radopholus similis due to increased lignin and phenol contents in mycorrhizal roots [111, 121] . The relationship between endoparasitic nematodes and mycorrhizal fungi appears to be mutually inhibitory, because mycorrhizal fungi are deterred from colonizing nematode infected roots and vice versa [65, 134] . In addition to effects on mycorrhiza, plant parasitic nematodes also frequently facilitate the entry of plant pathogenic fungi due to the damaging of cells by feeding activity. This synergistic effect may significantly intensify plant damage [134] . Conversely, saprotrophic fungi have developed different strategies to exploit nematodes either by trapping or by endoparasitism [37] and under certain conditions, this may indirectly reduce plant damage by parasitic nematodes [69, 72] .
In contrast to nematodes, surprisingly little attention has been paid to protozoan interactions with fungi [103] . Ingham and Massicotte [63] reported that protozoan communities around conifer roots differed from both the host and the ectomycorrhizal fungal species. Jentschke et al. [71] investigated the effects of soil protozoa originating from a soil suspension (P1) or from protozoan cultures (P2) on the growth of Norway spruce seedlings (Picea abies) without mycorrhizae or with the ectomycorrhizal fungus Lactarius rufus. In this experiment an array of interactions between mycorrhizae and protozoa occurred. Presence of mycorrhizae affected the colonization of the rhizoplane by protozoa; in particular, the number of naked amoebae at the rhizoplane was increased by factors of 5 (P1) and 3 (P2) ( figure 4) . The stimulation of protozoan development was due to mycorrhizal colonization per se and did not result from differential seedling growth in mycorrhizal and non-mycorrhizal treatments. Although, numbers of flagellates varied strongly and, therefore, the difference was not statistically significant, the average number of flagellates on the rhizoplane was also increased in mycorrhizal treatments by a factor of 20 [71] . This indicates that protozoa in the rhizosphere significantly interact with mycorrhizae. Parallel to the increase in protozoa, the numbers of bacteria declined indicating that bacterial feeding protozoa dominated in the myco-rhizosphere. These findings are in agreement with increased numbers of amoebae and ciliates in ectomycorrhizal fungal mats reported from a Douglas fir stand [33] . The myco-rhizosphere is colonized by associated bacteria [94] which may also influence mycorrhizal effects on plant growth [6, 80] . Therefore, the increase in numbers of protozoa of the rhizoplane of spruce seedlings with mycorrhiza found by Jentschke et al. [71] was most likely caused by a mycorrhiza-mediated increase in bacterial numbers and bacterial turnover. However, at the end of the experiment, the number of bacteria at the rhizoplane of mycorrhizal and non-mycorrhizal spruce seedlings was not significantly different. Therefore, the increased density of protozoa at the rhizoplane in mycorrhizal treatments may have also been due to protozoan grazing on mycorrhizal hyphae.
Field investigations by Tapilskaja [117] showed an inverse relationship between the density of protozoa, especially naked amoebae, in rhizosphere soil and the number of cotton plants infected with the cotton wilt fungus Verticillum dahliae. Amoeba albida was isolated from the cotton plant rhizosphere and grown axenically with the bacterium Azotobacter. Laboratory experiments demonstrated that A. albida depressed the germination of conidia and microsclerotia of the fungus, and even small numbers of amoebae caused a lysis of the mycelium by producing antibiotic substances, while the fungus did not affect the growth of A. albida [117] . In subsequent field experiments, she found 80 % of the cotton plants to be infected when grown in soil inoculated with V. dahliae or V. dahliae + Azotobacter, whereas only 20 % of the cotton plants were infected in presence of amoebae [117] . Since fungal growth was successfully suppressed when amoebal numbers exceeded 100 ind·g -1 soil, there is strong evidence that some protozoan species are highly effective in both, regulating fungal communities in soil and therefore modifying fungal effects on plant growth.
In addition to antibiotical effects, the fungal community in soil might be affected by protozoa directly by feeding on fungal spores or hyphae. Indeed amoebae have been found to attack fungal spores or hyphae [5, 59, [95] [96] [97] [98] [99] . Chakraborty et al. [18] found evidence that mycophagous amoebae affect root colonization by ectomycorrhizal fungi. However, the ability to perforate hyphae appears to be restricted to a limited spectrum of protozoan species.
Due to culture methods for selecting bacterivore species [47] , fungal feeding ciliates [101, 102] and flagellates [60] had been overlooked by protozoologists and were only recently discovered. Ekelund [41] presented evidence that mycophagous flagellates and ciliates are widespread in soil. He added glucose solution to arable soil, which resulted in a 4-fold increase in numbers of mycophagous flagellates and in a 3-fold increase in mycophagous ciliates, suggesting high numbers of fungal feeding protozoa particularly in rhizosphere soil. There is an urgent need for further investigations on protozoan-fungal interactions, since the function of mycophagous protozoa in the soil subsystem may be of significant importance.
Fauna-fauna interactions
A multitude of fauna-fauna interactions occurs in soil as can be supposed by the high diversity of soil organisms [50, 82, 108, 122] . Considering that the two major microfaunal phyla, nematodes and protozoa, are constituted of species of various trophic levels, trophic interactions within and between protozoa and nematodes presumably are commonplace. In addition, as shown by the following examples, indirect relationships and omnivory are common characteristics of soil faunal interactions. Therefore, concepts based on trophic guilds only partly reflect the multitude of fauna-fauna interactions in soil.
The addition of 'bacterial' feeding nematodes to soil with protozoa has been found to significantly reduce the number of naked amoebae with a concomitant increase in nematode numbers, indicating that nematodes supposed to be bacterial feeders also consume naked amoebae [4, 43, 132] . Complex interactions between protozoa and nematodes have also been found in the experiment of Griffiths [51] , where the bacterial feeding nematode Rhabditis sp. stimulated bacterial production, but was outcompeted for food by the ciliate species Colpoda steinii.
In the study of Alphei et al. [2] , an array of interactions between the bacterial feeding nematode Pellioditis pellio and protozoa has been found. In presence of P. pellio, the abundance of naked amoebae in non-rhizosphere soil decreased from 3 800 to 1 000 ind·g -1 dry wt. In contrast, in the rhizosphere the numbers of amoebae increased in the presence of P. pellio from 6 000 to 55 000 ind·g -1 dry wt and the abundance of naked amoebae was at a maximum in rhizosphere soil with nematodes and earthworms present (88 900 ind·g -1 dry wt). Also, flagellate numbers depended on both the presence of nematodes and earthworms. With nematodes present, the number of flagellates increased by a factor of 3.6 from 3 100 to 11 200 ind·g -1 dry wt. In contrast, flagellate numbers decreased by ca. 50 % from 8 000 to 4 300 ind·g -1 dry wt in presence of earthworms with the negative effect of earthworms being compensated for by nematodes [2] .
There are only few studies on microfauna-arthropod interactions, but many of the microarthropods generally considered as saprophagous may in fact be omnivorous. Mite species which were supposed to be fungal feeders may also prey on nematodes [128] and possibly protozoa [127] . Predatory microarthropods feeding on nematodes and other microarthropods may also ingest fungal hyphae [64, 91] . Brussaard et al. [14] found that nitrogen mineralization was significantly increased by the bacterivorous mite Histiostoma litorale and by the bacterivorous nematode Acrobeloides buetschlii in microcosms containing sterilized soil amended with luzerne meal and inoculated with a soil suspension containing a mix of bacteria and protozoa. Whether these effects were caused by microfaunal grazing or by a stimulation of the protozoa remained unresolved. However, Vreeken-Buijs et al. [126] found no stimulation of a naked amoebae (Acanthamoeba sp.) by the bacterivorous mite H. litorale and concluded that the lower nitrogen mineralization in treatments with mites was due to the low production rate of mites.
The data show that apart from predation of soil microbes by microfaunal grazers, the microfaunal community is embedded in a complex network of faunal interactions. Thus, the 'microbial loop' in soil is in fact a microbial food-web and complicated animal interactions determine the overall effects of microbial grazers on the microflora and subsequent nutrient mineralization.
CONCLUSIONS
Competition between plants is high, because plant growth in natural environments frequently takes place in dense stands of established vegetation. Thus both, beneficial and deleterious associations of plants with micro-organisms and the regulation of these associations by soil faunal activity may be of fundamental importance for individual plant species, but also for the species composition of the whole community.
Rhizosphere processes are driven by large quantities of photosynthetically fixed carbon which are either directly transferred to symbionts as mycorrhizal fungi, or released as root exudates stimulating rhizosphere bacterial growth. Nematode-mycorrhiza interactions show that faunal interactions may induce physiological changes in both, the plant itself and its mycorrhizal symbiont. Similar effects may be induced by other fungivorous groups of the soil fauna, but the knowledge on the significance of these interactions is sparse. In contrast to the plant-mycorrhiza symbiosis, little attention has been paid to rhizosphere bacteria. This is not surprising, since the relationship between bacteria and plant roots is less obvious than that between plants and mycorrhizae. However, it has been stressed by soil microbiologists that beneficial and deleterious rhizosphere bacteria may significantly affect plant growth [15, 38, 86, 107, 110] . Due to the dual effect of root exudates, fueling a diverse bacterial population and intensifying the competition for nutrients between plants and micro-organisms, the interaction between rhizosphere bacteria and plant roots can only be understood by considering microfaunal predators [27, 30] . However, until now, exchange of thought and co-operation between the different disciplines investigating rhizosphere organisms is scarce. The view of plant physiologists is still focused on chemical exchange processes of nutrients in the rhizosphere [84] . Similarly, soil microbiologists tend to neglect the existence of microfaunal-microbial interactions, or consider them only to be important in respect to plant pathogens. Soil zoologists tend to neglect the diversity of rhizosphere organisms by focusing on faunal effects on microbial biomass. Only recently the importance of microfaunal grazing not only for N-release from microbial biomass but also for the composition of the bacterial community in the rhizosphere and the production of plant hormones has been considered [54, 56, 71] . Thus microfaunal predators, especially protozoa seem to be more closely involved in rhizosphere interactions than previously assumed. In the past, plant physiologists, soil zoologists and soil microbiologists have focused on direct effects of micro-organisms and soil animals on rhizosphere processes. However, due to the complex structure of animal-microbial-plant interactions, indirect effects presumably are also of crucial importance.
Although there is striking evidence for the significance of microbial-microfaunal interactions enhancing plant growth, the mechanisms are poorly understood. The picture of the role of carbon resources released by plant roots into the rhizosphere for the functioning of the rhizosphere community remains vague. In addition to the well established plant-mycorrhiza symbiosis, plant growth is also significantly influenced by a mutualistic relationship with the bacterial feeding microfauna in the rhizosphere, especially with protozoa. There is increasing evidence that microfaunal grazing selectively favours certain microflora species, altering the microbial diversity and the microbial catabolic activity. However, it is unknown whether protozoan grazing favours deleterious or beneficial rhizosphere micro-organisms and whether effects vary between protozoan species. Also it is likely that microfaunal effects on plant growth differ among plant species. As plant species have evolved different strategies for nutrient acquisition, and not all plant species rely on the symbiotic relationship with mycorrhiza, it is likely that plants benefit to a different degree from the mutualistic relationship with protozoa.
To unravel the complex microbial-faunal interactions in the rhizosphere, further research on rhizosphere processes requires a multidisciplinary approach and an interdisciplinary exchange of knowledge between plant physiologists, soil scientists, microbiologists and zoologists leading to a deeper understanding of rhizosphere processes that regulate mineralization, nutrient cycling and plant growth.
For many years ecologists have viewed soil organisms and plants as relatively independent from each other. However, much of the evidence presented in this review suggests that differences in plant growth in the field can only be understood in relation to microbialfaunal interactions in the rhizosphere.
